BACKGROUND AND PURPOSE
Introduction
Astrocytes are uniquely positioned to act as signalling intermediates between active neurones and local intracerebral arterioles: astrocyte endfoot processes ensheath intracerebral blood vessels (Simard et al., 2003) , while at the same time, other processes from the same astrocytes interact with local synapses (Kang et al., 1998; Ventura and Harris, 1999) . This structural arrangement led to the speculation, and subsequent demonstration, that astrocytes detect neuronal activity and match this to local arteriolar diameter changes, thus enabling increased blood flow to the active brain region to satisfy additional oxygen and nutrient demand (a process termed neurovascular coupling; Zonta et al., 2003) . Indeed, it is now known that astrocytes respond to neuronal stimulation with increased [Ca 2+ ]i (Porter and McCarthy, 1996; Kang et al., 1998; Zonta et al., 2003) , which then stimulates the liberation of a number of vasoactive mediators including prostaglandins, epoxyeicosatrienoic acids (EETs) and K + ions (see Koehler et al., 2009 for a recent review).
Many similarities exist between astrocytic and endothelial cell regulation of vascular tone. Indeed, the vasomodulatory factors described above are also involved in the endothelial regulation of vascular diameter in small arteries and arterioles of the periphery (Félétou and Vanhoutte, 2006) . Of particular interest to the present study, vasomodulatory K + signalling between the endothelial cells and myocytes of small arteries is mediated by the activation of endothelial small-and intermediate-conductance calcium-activated potassium channels (KCa2.3 and KCa3.1 respectively; Burnham et al., 2002; Bychkov et al., 2002; Taylor et al., 2003; Wölfle et al., 2009 ) and K + released through these channels accumulates in the myo-endothelial space, causing an increase in the extracellular K + concentration (Edwards et al., 1998) . This increased extracellular K + can dilate the arteriole by activating myocyte Type 2 and/or Type 3 Na + /K + ATPases and KIR2.1 channels, which results in hyperpolarization of the myocyte and leads to smooth muscle relaxation (Quayle et al., 1993; Knot et al., 1996; Bradley et al., 1999; Edwards et al., 1999; Zaritsky et al., 2000; Weston et al., 2002) .
In astrocytes it is known that large-conductance calciumactivated potassium channels (KCa1.1), which are present on astrocyte endfeet contacting intracerebral blood vessels (Price et al., 2002) , mediate a portion of K + -induced dilatation of parenchymal arterioles by increasing extracellular K + leading to activation of myocyte KIR channels (Filosa et al., 2006; Girouard et al., 2010) . However, at present little is known of the expression of other KCa channels in astrocytes. Armstrong et al. (2005) identified the KCa2.3 protein in astrocytes of the rat supraoptic nucleus, but it is not known whether this channel is functional at the level of the cell membrane. Furthermore, there are no data on the expression of KCa3.1 in astrocytes. Therefore, the aim of the present study was to investigate the functional expression of KCa2.3 and KCa3.1 channels in astrocytes and, if present, to assess whether they contribute to neurovascular coupling. This report presents novel immunohistochemical, molecular and electrophysiological evidence in favour of the functional expression of KCa3.1 but not KCa2.3 channels in astrocytes in the mouse brain, and provides evidence supporting the involvement of KCa3.1 in neurovascular coupling.
Methods

Mice
Male and female mice, genetically modified to express enhanced green fluorescent protein (eGFP) in astrocytes and belonging to the strain TgN(GFAP-EGFP)GFEC-Fki (herein referred to as eGFP mice; Nolte et al., 2001) , and male FVB/NJ mice (background strain of eGFP mice) and C57Bl/6 mice were housed on a 12 h light : dark cycle and given ad libitum access to food and water. All animal procedures were approved by the local ethical committees (The University of Manchester Ethical Review Committee, The University of Vermont Institutional Animal Care and Use Committee, Boehringer Ingelheim Ethical Review Committee) and complied with UK Home Office regulations (Animals Scientific Procedures Act 1986) and in all experiments mice used were killed with an overdose of isoflurane or pentobarbitone.
Immunofluorescence
Periodate-lysine-paraformaldehyde fixative (PLP) was prepared according to the method of McLean and Nakane (1974) . Transverse sections (500 mm) of the cerebral cortices of >25-day-old eGFP mice were fixed for 30 min in PLP at room temperature then cryoprotected in 30% sucrose in PBS at 4°C for 1-2 days. Cortical slices were frozen in Tissue-Tek OCT® (Thermofisher Scientific, UK) and 20-30 mm sections were cut and stored at -20°C until required.
Prior to staining, the tissue was permeablized with 0.25% Triton X-100 (Dow Chemical Co. Ltd) in PBS for 10 min, then blocked with 10% (v v -1 ) normal goat serum in water for 1 h at room temperature. Rabbit polyclonal anti-KCa3.1 antibody (Alomone Labs, Israel) was applied at 1:100 dilution in blocking solution for 18 h at room temperature, followed by 1:100 goat anti-rabbit Texas-Red® conjugated secondary antibody (Invitrogen, UK) for 40 min at room temperature. Slides were then mounted in Vectashield® with 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, UK) and visualized.
Image acquisition
Confocal images were collected using a Nikon C1 confocal on an upright 90i microscope equipped with a 60x/1.40 NA Plan Apo objective. DAPI, eGFP and Texas Red were excited at 405 nm, 488 nm and 543 nm respectively. When acquiring 3D optical stacks the confocal software (EZ-C1, Nikon, UK) was used to section the tissue at 1 mm intervals along the z-axis.
Western blotting
Whole-brain tissue was homogenized in protein extraction buffer (in mM: Tris-HCl 20, sucrose 0.25, EDTA 5, EGTA 10, dithiothreitol 10, phenylmethanesulphonylfluoride 1, plus 50 mg·mL -1 leupeptin) using a Tissue Tearor Homogeniser (Biospec Products, USA), then placed on a rotating platform overnight at 4°C.
Before use, sample protein concentrations were quantified using the Bradford method (Bradford, 1976) . Protein lysate (30 mg) was separated using SDS-PAGE on a 10% gel under reducing conditions, then transferred to a PVDF membrane (Bio-Rad Laboratories, UK) by electrophoresis for 90 min at 80 V. Non-specific binding sites were blocked with 2% BSA in tris-buffered saline containing 0.1% Tween (TTBS) for 1 h at room temperature. The membrane was then incubated with primary antibody diluted 1:1000 in TTBS overnight at 4°C followed by exposure to 1:5000 horseradish peroxidaseconjugated anti-rabbit secondary antibody (Promega, UK) in TTBS for 1 h at room temperature. The blot was then developed on X-ray film using an ECL Western blotting detection system (ECL Plus, GE Healthcare, UK). All incubations and washes were performed with constant agitation.
RT-PCR
Total astrocyte RNA was extracted from populations of freshly isolated eGFP-positive astrocytes (for detailed information regarding cell separation and FACS, see Appendix S1) using an RNeasy microkit (Qiagen, UK) and treated with DNase I (Qiagen, UK). Purified RNA was reverse transcribed using a Sensiscript RT kit (Qiagen, UK) with random primers (Invitrogen, UK). Primers used for cDNA amplification are listed in Table 1 . For PCR reactions, Ex Taq DNA polmerase (Lonza, UK) and a Techne TC-512 thermal cycler (Fisher Scientific, UK, cycling conditions: 10 min 94°C hot start, followed by 40 cycles of 15 s at 94°C and 1 min at 60°C) were employed. PCR products were visualized by separation on a 2.5% agarose gel containing 0.5 mg·mL -1 ethidium bromide. Products yielding a band of the appropriate molecular weight were purified using a QIAquick Spin Kit (Qiagen, UK) and sequenced using an ABI Prism 3000 genetic analyser at the DNA sequencing facility of the University of Manchester.
Brain slice preparation and patch clamp electrophysiology
The brain slice preparation protocol used in this study followed many of the procedures previously set out by Debanne and co-workers (2008) . Briefly, eGFP mice were killed by isoflurane overdose and then decapitated. Mice were killed with anaesthetics because we found that cervical dislocation led to significant damage to the hindbrain and rear of the cortex. The brain was quickly removed into ice-cold artificial cerebrospinal fluid (aCSF, containing in mM: NaCl 124, KCl 5, CaCl2 2, MgSO4 2, NaH2PO4 1.25, NaHCO3 26, glucose 10, osmolality~300 mOsm·kg -1 ) that had been equilibrated with 95% oxygen, 5% carbon dioxide for 20 min prior. Slices (150-200 mm) were prepared using a Leica VT 1000S vibratome (Leica, Germany) and then stored at 35°C for 1 h in oxygenated aCSF to recover. After this recovery step, slices were maintained at room temperature until required, for up to 10 h. Whole-cell currents were amplified with an HEKA EPC-9 patch clamp amplifier (Lambrecht/Pfalz, Germany). Data acquisition and storage were carried out with TIDA 5.05 software. Microelectrodes were pulled from filamented borosilicate glass (1.5 mm outer diameter, 0.84 mm inner diameter; World Precision Instruments) using a Flaming-Brown P-97 puller (Sutter, Novato, CA, USA), and had a resistance of 4-6 MW when filled with pipette solution containing in mM: ATP 5, KCl 144, MgCl 2 1.2, HEPES 10, CaCl2 3.3 and EGTA 5 (200 nM free calcium; calculated using WebmaxC Standard software), or CaCl2 4.5 and EGTA 5 (1 mM free calcium; pH set to 7.2 with KOH, osmolality~310 mOsm·kg -1 ). Slices were continuously perfused with oxygenated aCSF, and brightly fluorescing, process-bearing astrocytes near the slice surface were selected for experiments. The holding potential was -80 mV. After a minimum equilibration period of 10 min, cells with stable currents were subjected to repeated 1 s duration voltage ramps from -150 mV to +50 mV, separated by a period of 10 s, and drug application. Time-matched control experiments were also performed. Approximately 50% of patch attempts yielded a stable recording. Electrophysiological experiments were performed at room temperature (20-22°C).
Details of HEK 293 cell culture and electrophysiology can be found in Appendix S2.
EFS-evoked neurovascular coupling
The methods used for these studies were essentially as described by Girouard et al. (2010) . The aCSF used in these experiments contained 3 mM KCl. Briefly, brain slices from 21-to 40-day-old male FVB/NJ mice were prepared as described above and were placed immediately in aCSF containing 10 mM Fluo-4-acetoxymethyl (Fluo-4) and 2.5 mg·mL -1 pluronic F-127 (both from Invitrogen, USA) for 60 min at 29°C in an oxygenated (95% O2, 5% CO2) and humidified chamber. These conditions selectively load astrocyte endfeet (Girouard et al., 2010) and enable monitoring of endfoot calcium as an indicator of astrocyte recruitment into neurovascular coupling. After this loading period, slices were washed once with aCSF and stored in fresh, oxygenated aCSF at room temperature until required. During an experiment, arteriolar diameter and astrocyte endfoot fluorescence were imaged simultaneously using a Bio-Rad radiance 2100 MP two-photon laser scanning microscope coupled to a titanium : sapphire laser (140-fs pulses, 1.5 W) and an Olympus BX51WI upright microscope equipped with a 20x/0.95 NA Olympus XLUMPlan FI water dipping objective. A maximal digital zoom was applied in each experiment using the LaserSharp software (Biorad, USA), which was used for data collection. Arteriolar diameter was imaged using a transmitted light detector and infrared differential image contrast microscopy. Fluo-4 fluorescence was excited at 820 nm and collected with a 575/150 nm bandpass filter.
A slice was transferred to the recording chamber and continuously perfused with oxygenated aCSF at 37°C in the presence of 125 nM of the thromboxane receptor agonist 9,11-dideoxy-11a,9a-epoxymethanoPGF2a (U46619) to mimic physiological tone. Penetrating parenchymal arterioles arising from pial arteries were selected for study. For each vessel, 20 control images were collected over a period of 15 s, allowing the offline measurement of baseline diameter. Following this, EFS was applied through a pair of parallel platinum wires placed on either side of the vessel of interest. EFS consisted of a 50 Hz alternating square pulse (0.3 ms duration) for 3 s, at 10-20 V. These conditions evoke neuronal activity within the slice, which sets in motion neurovascular coupling (Zonta et al., 2003; Girouard et al., 2010) . A further 70 images were collected over the 47 s immediately after the onset of EFS, to determine the effect on diameter and endfoot calcium.
Pharmacological studies were performed as paired experiments in which vessel diameter in response to EFS was measured before and after a 20 min incubation with aCSF containing drugs. This experimental paradigm was used to ensure that the astrocyte endfeet covering the vessel of interest were exposed to the desired concentration of drug and to enable the study of the initial phase of the neurovascular response to EFS, during which vasoactive substances are released from the astrocyte endfeet. Time-matched control experiments in the presence of U46619 alone were also performed. At the end of each experiment, 200 mM papaverine in calcium-free aCSF was applied for 10 min to allow determination of maximal vessel diameter, which was normalized to 100% for statistical analysis.
Laser Doppler flowmetry
Cortical functional hyperaemia in response to contralateral whisker stimulation was recorded in vivo using laser Doppler flowmetry of cerebral blood flow (CBF) in the mouse somatosensory cortex as described previously, with modifications (Niwa et al., 2000; Girouard et al., 2010) . Surgical plane anaesthesia was induced in 2-to 3-month-old male C57Bl/6 mice with 5% isoflurane and maintained with 2% isoflurane for the duration of the surgical portion of the protocol. Mice were then administered chloralose (50 mg·kg -1 ) and urethane (750 mg·kg -1 ) i.p. for maintenance of anaesthesia after withdrawal of isoflurane. Body temperature was recorded with a rectal probe and maintained at 37°C by a servo-controlled heating pad. A femoral arterial catheter was implanted for blood pressure recording and arterial blood gas measurement. An endotracheal catheter was inserted for mechanical ventilation (SAR-830; CWE Inc., USA). The head was immobilized in a stereotaxic frame, a 2 ¥ 2 mm craniotomy performed over the somatosensory cortex, and the underlying dura removed. The cranial window was superfused with aCSF composed of (in mM): NaCl 125, KCl 3, NaHCO 3 26, NaH2PO4 1.25, CaCl2 2, MgCl2 1, glucose 4. At the conclusion of the surgical preparation, isoflurane was withdrawn. Depth of anaesthesia was assessed throughout the experiment by monitoring the blood pressure and reflex responses to tail pinch. A laser Doppler flow probe (Perimed, Sweden) was placed over the cranial window for CBF measurement. Arterial pressure and CBF were recorded using computerized data-acquisition software (PowerLab, AD Instruments, USA). Following a 30 min equilibration period, contralateral vibrissae (cut to 10 mm length) were stimulated at a frequency of 4 Hz for 1 min with a total deflection of 4 mm using a piezoelectric actuator with a 70 mm light-weight metal extension coupled to a programmable waveform generator and an amplifier (Piezo Master; Viking Industrial Products, USA; Andermann et al., 2004) . TRAM-34 (10 mM) was delivered locally via the cranial window superfusate for 25 min prior to a second vibrissal stimulation.
Data and statistical analysis
Data and statistical analysis was performed using Prism 5.0 software (GraphPad, San Diego, CA, USA) and results are given as mean Ϯ SEM; n indicates the number of cells or vessels from which measurements were made and the number of animals used for each set of experiments is also noted. Data were analysed using the statistical tests noted in each Figure legend. The level of significance in each test is also noted in each Figure, P < 0.05 was considered significant.
For electrophysiological data, raw whole-cell control currents at 0 mV were routinely normalized to 100%. For neurovascular coupling experiments, vessel diameter measurements were performed offline using ImageJ software. The 90 images collected throughout each experiment were first corrected for movement in the x and y planes using the rigid body algorithm of the TurboReg plugin. Following this, diameter was measured in pixels at at least 3 points along the vessel before and after EFS, so that the mean diameter change of each vessel could be calculated. At least two images before EFS, taken~5 s apart, were analysed in this way to ensure that the vessel diameter did not change in the absence of stimulation. Movies S1-S4 were prepared using the ImageFusion program, courtesy of Adrian Bonev and Mark Nelson. For in vivo data, CBF was expressed as % increase relative to the resting level of perfusion measured in arbitrary perfusion units. Zero values were obtained after the heart was stopped with an overdose of isoflurane.
Drugs and chemicals
All drugs and chemicals were purchased from Sigma Aldrich, unless otherwise stated. NS309 (6,7-dichloro-1H-indole-2,3-dione 3-oxime) and CyPPA (cyclohexyl-[2-(3,5-dimethyl-pyrazol-1-yl)-6-methyl-pyrimidin-4-yl]-amine) were synthesized at the Department of Medicinal Chemistry at BJP KCa3.1 in astrocytes and neurovascular coupling Boehringer Ingelheim (Biberach, Germany) according to the methods described in Strøbaek et al. (2004) and Hougaard et al. (2007) , respectively. All drugs were dissolved in dimethyl sulphoxide, except for apamin which was dissolved in aCSF.
All drug and molecular target nomenclature conform to the British Journal of Pharmacology's Guide to Receptors and Channels, 4th Edition (Alexander et al., 2009) .
Results
Immunofluorescence Anti-KCa3.1 antibody characterization. The anti-KCa3.1 antibody used in this study has been used by others to successfully identify the KCa3.1 protein in the endothelial cells of the rat mesenteric artery (Sandow et al., 2006) and was selected after characterization using immunofluorescence and Western blotting, see Figure 1D . Immunofluorescence revealed immunoreactivity for the KCa3.1 protein in the endothelium but not smooth muscle or adventitia, which corroborates previously published data (Edwards et al., 1998; Bychkov et al., 2002; Sandow et al., 2006) . Based on cDNA sequence (GenBank accession number: 141803303) the molecular weight for the mouse KCa3.1 channel was calculated as 48 kDa. Western blots using mouse brain tissue revealed a single band of an appropriate size using this antibody (inset, Figure 1D ).
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Figure 1
Immunolocalization of the KCa3.1 channel in eGFP-positive astrocytes in a 20 mm brain slice section. (A) Three-dimensionally rendered stack of 20 confocal images taken at 1 mm intervals through the z-axis. White arrowheads highlight anti-KCa3.1 immunoreactivity (red) along the processes and endfeet of astrocytes (green) contacting an intracerebral arteriole (large dashed circle) resulting in a yellow colour indicating co-localization. The red, process-like immunoreactivity which is not co-localized with green processes (orange arrowheads) may correspond to astrocytes which expressed a level of eGFP below the threshold for detection in these images. Another arteriole (small dashed circle) is also visible and some cells of the arterioles are stained by the anti-KCa3.1 antibody. The cell body of another cell type (grey arrowheads) also showed some low-level immunoreactivity. nucleus astrocytes using immunohistochemical methods (Armstrong et al., 2005) . We therefore used immunohistochemistry to investigate the expression of the KCa3.1 protein in eGFP mouse astrocytes. eGFP expression allowed detailed visualization of individual astrocytes and their extensive processes. Using the anti-KCa3.1 antibody, strong immunoreactivity was observed on the processes and endfeet of astrocytes contacting intracerebral vessels, see Figure 1A -C. KCa3.1 immunoreactivity was also occasionally observed in the processes and cell bodies of a non-eGFPpositive cell type. These observations may correspond with astrocytes that express a low level of eGFP (Nolte et al., 2001; Nimmerjahn et al., 2004) , which was not detectable using the confocal settings in these experiments. Alternatively, they may indicate a different, unidentified cell type. Vessels were also stained by the anti-KCa3.1 antibody, which may be due to expression of this protein in endothelial cells.
RT-PCR
Freshly isolated eGFP-positive astrocytes express KCa2.3 and KCa3.1 mRNA. RT-PCR was used to verify the expression of KCa2.3 and KCa3.1 channels in populations of eGFP-positive astrocytes isolated by FACS. Using four separate FACS-isolated astrocyte mRNA samples, PCR products separated by electrophoresis revealed bands of the expected molecular weight for KCa2.3 (261 bp, n = 3), KCa3.1 (139 bp, n = 3) and glial fibrillary acidic protein (GFAP, a cytoskeletal marker of astrocytes) (470 bp, n = 4), but not the neuronal marker NFh (346 bp), thus demonstrating the expression of KCa2.3 and KCa3.1 mRNA in populations of pure mouse astrocytes. See Figure 2 . Sequencing confirmed the molecular identities of these PCR products ( Figure S1 ).
Electrophysiology
A subpopulation of neocortical astrocytes express KCa3.1, but not KCa2.1-2.3 current. Currents in green fluorescent astrocytes, patch-clamped in the whole-cell configuration, had a reversal potential of -70 Ϯ 1 mV (n = 50) and were of variable peak amplitude (2-5 nA at 0 mV). In control eGFP-positive astrocytes, there was an 8 Ϯ 2% run-down of ramp-induced wholecell currents over the duration of the experiment (approximately 10.5 min) in the presence of 1 mM [Ca 2+ ]i (n = 9, three animals) and 13 Ϯ 5% in the presence of 200 nM [Ca 2+ ]i (n = 10, four animals). With [Ca 2+ ]i set to 200 nM to prime KCa channels for opening, 14 cells (from three animals) were challenged with 500 nM NS309, an opener of KCa2.1-2.3 and KCa3.1 channels, which evoked a current increase of 183 Ϯ 43% at 0 mV in eight cells. The remaining six cells were classed as unresponsive to NS309 and their current after drug application showed a 1 Ϯ 2% rundown. In all responsive cells, the NS309 response took several minutes to occur. Under these same conditions, 30 mM CyPPA, an opener of both KCa2.2 and KCa2.3, did not evoke current and over the time-course of the experiment there was a 4 Ϯ 2% current decrease (n = 9, two animals), similar to that of time matched controls (see Figure 3) .
In eGFP-positive astrocytes with 1 mM [Ca 2+ ]i (to activate any KCa channels present), nine out of 16 cells (from three animals) challenged with 1 mM TRAM-34 (a selective KCa3.1 blocker) responded with a 41 Ϯ 6% inhibition of whole-cell potassium currents. The remaining seven cells showed no significant difference to time-matched controls, and current declined by 10 Ϯ 2% over the course of the experiment. In a separate set of experiments application of 100 nM apamin, a selective KCa2.1-2.3 channel blocker, had no effect on currents and cells showed a mean current decrease of 7 Ϯ 4% (n = 7, two animals; see Figure 4 ).
CyPPA inhibits NS309-evoked currents in a HEK293
cell line stably overexpressing KCa3.1. In response to some unexpected observations we tested whether CyPPA, a selective opener of KCa2.2 and KCa2.3, gains its selectivity in part through blockade of KCa3.1 by using a HEK 293 cell line stably overexpressing the human KCa3.1 channel. In the presence of 200 nM intracellular calcium and 50 nM NS309 to evoke KCa3.1 currents, CyPPA (100 nM-100 mM) inhibited NS309-evoked currents with an IC50 of 570 nM (n = 7; see Figure S2 ).
KCa3.1 contributes to neurovascular coupling.
After confirming that astrocytes express functional KCa3.1 channels, which appear to be localized to astrocyte processes and endfeet around blood vessels, we tested the hypothesis that this channel contributes to the process of neurovascular coupling. Increases in astrocyte endfoot calcium observed upon application of EFS confirmed astrocyte recruitment into neurovascular coupling. Under control conditions, the presence of 125 nM U46619 constricted parenchymal arterioles by 48 Ϯ 3%, giving them a mean diameter of 5 Ϯ 1 mm (n = 16). EFS evoked a mean diameter increase of 28 Ϯ 3% in control vessels (n = 16). Time-matched control experiments indicated that the mean magnitude of the diameter change evoked by EFS was unchanged after 20 min (n = 4, two animals; P > 0.05, data not shown).
In paired experiments, perfusion of slices for 20 min with aCSF containing 1 mM TRAM-34 reduced the magnitude of EFS-evoked vasodilatation by 50% ( Figure 5A -C and Movies S1 and S2), leaving a residual EFS-evoked diameter increase of 12 Ϯ 3% (n = 5, three animals). Perfusion of slices for 20 min with aCSF containing 300 nM charybdotoxin (a blocker of both KCa3.1 and KCa1.1) reduced the magnitude of Astrocytes sorted by FACS contained message for the expression of GFAP but not the neuronal marker NFh indicating that the sorted astrocyte populations were not contaminated with neurones. Using these samples, mRNA for KCa2.3 and KCa3.1 was identified (n = 3 each in four FACS-isolated mRNA samples). M, marker ladder; N, no-template control; +, sample following reverse transcription; -, sample without reverse transcription.
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KCa3.1 in astrocytes and neurovascular coupling EFS-evoked vasodilatation by 82%, leaving a residual EFSevoked diameter increase of 5 Ϯ 4% (n = 6, four animals; see Figure 5D -F and Movies S3 and S4).
Incubation with either 1 mM TRAM-34 (n = 5, three animals) or 300 nM charybdotoxin (n = 5, four animals) for 20 min had no overall effect on basal vessel tone prior to EFS, and had no effect on the relative increase in astrocyte endfoot calcium evoked by EFS (P > 0.05, data not shown).
In in vivo experiments measuring changes in CBF using laser Doppler flowmetry, whisker stimulation evoked a 23 Ϯ 5% increase in CBF (n = 6). TRAM-34 (10 mM) reduced whisker stimulation evoked increases in CBF by 40%, leaving a residual increase of 14 Ϯ 2% (n = 6), see Figure 6 .
Discussion and conclusions
Previous studies (Filosa et al., 2006; Girouard et al., 2010) have identified K + efflux through astrocytic KCa1.1 channels as a mediator of parenchymal arteriole relaxation in the process of neurovascular coupling. In the present study, these observations have been extended to show that astrocytic KCa3.1 channels are also involved in neurovascular coupling in mouse brain.
KCa3.1 mRNA was detected in preparations of freshlyisolated astrocytes and, using immunohistochemistry, the KCa3.1 a subunit protein was found to be localized within astrocytic processes and endfeet. In electrophysiological experiments, a substantial increase in whole-cell current was generated on exposure to the KCa2.1-2.3 and KCa3.1 opener NS309 (Strøbaek et al., 2004) . As neither the KCa2.2-and 2.3-selective opener CyPPA (Hougaard et al., 2007) nor the KCa2.1-2.3 blocker apamin had any effect on astrocyte currents, it is concluded that the activation of only KCa3.1 channels contributed to the observed NS309-induced increases in wholecell current. This conclusion is supported by data showing that TRAM-34, a selective blocker of KCa3.1, inhibited astrocytic whole-cell currents.
In a very recent study focusing on the activation of rat astrocytic KCa1.1 channels by EETs, it was reported that TRAM-34 did not reduce astrocytic potassium currents (Higashimori et al., 2010) . However, in these experiments, the astrocytes were dialysed with a calcium chelator (0.2 mM EGTA), and therefore it is not surprising that TRAM-34 was ineffective. In contrast, in our experiments, astrocytes were dialysed with intracellular calcium of 0.2 and 1.0 mM; additionally both blockers and activators of KCa3.1 were tested.
In the present study, mRNA for the KCa2.3 a subunit was also detected and the presence of this KCa channel has previously been reported in astrocytes from the rat supra-optic nucleus (Armstrong et al., 2005) . However, no evidence of functional KCa2.3 channels at the level of the cell membrane ]i NS309 (500 nM; n = 8) evoked a significant current increase whereas CyPPA (30 mM) was without effect (n = 9) (one-way ANOVA with post hoc Bonferroni's multiple comparison test ***P < 0.0001).
was obtained in the present investigation. This may indicate that KCa2.3 has an intracellular role in astrocytes and/or that it is not inserted into the plasma membrane, although differences in the species and anatomical locations studied should also be taken into account when interpreting these results.
CyPPA was the first selective activator of KCa2.2 and KCa2.3 to be described (Hougaard et al., 2007) . In preliminary electrophysiological experiments on mouse astrocytes in which NS309 was applied after CyPPA, no response was observed to either drug (TA Longden, unpublished observations). It was therefore possible that the imidazole ring of CyPPA (which is a common feature of KCa3.1 blockers such as clotrimazole and TRAM-34; Wulff et al., 2000) had conferred KCa3.1 inhibitory properties on CyPPA. Experiments were thus carried out to determine whether the apparent selectivity of CyPPA for KCa2.2 and KCa2.3 could be in part attributed to blockade of KCa3.1. This seems to be the case, as our Supporting information shows that CyPPA (in the nanomolar range) inhibited NS309 responses in HEK 293/K Ca3.1 cells. This action of CyPPA occurred at a concentration considerably lower than its EC50 concentrations for opening KCa2.2 and KCa2.3 (5.6 mM and 14 mM respectively; Hougaard et al., 2007) , an indication that CyPPA will concomitantly block KCa3.1 while opening KCa2.2 and 2.3 channels.
The response of mouse astrocytes to NS309 and TRAM-34 was heterogeneous, with some cells (56-67% depending on the drug employed) showing a pharmacological response typical of KCa3.1 and others not responding to drug application. Concentrations of 500 nM NS309 and 1 mM TRAM-34 (respective EC50/IC50 at KCa3.1: 10 nM and 20 nM; Strøbaek et al., 2004; Wulff et al., 2007) were used in slice experiments to ensure that an adequate concentration of drug reached the cell of interest, despite potential penetration problems in this complex tissue. A possible explanation for the observed heterogeneity is that functional KCa3.1 channels are only expressed in a subpopulation of dividing astrocytes, as KCa3.1 has been implicated in the process of mitosis (Khanna et al., 1999; Jensen et al., 2001; Wulff et al., 2004; Grgic et al., 2005) . However, in experiments attempting to co-localize astrocytic KCa3.1 immunoreactivity with the cellular proliferation marker Ki67, Ki67 was only very rarely co-localized with KCa3.1 (TA Longden, unpublished data) suggesting an alternative role for this channel in astrocytes. Another possible explanation is that control of intracellular calcium by pipette calcium was variable, and therefore, KCa3.1 channel activity and drug response were variable. This is a distinct possibility, given observations of spontaneous calcium fluctuations in astrocytes (Aguado et al., 2002; Beck et al., 2004) , as well as their large size and extensive processes. We also observed a slow onset of channel activation by NS309 that was very robust, with the sudden appearance of channel activity never occurring before~6 min. A delay with NS309 has previously been described (Pedarzani et al., 2005) , a phenomenon that might be due to poor penetration of NS309 into the slice or across the cell membrane.
KCa3.1 channels play an important role in endotheliumdependent vasodilatation (Félétou and Vanhoutte, 2006; Edwards et al., 2010) suggesting that these channels in astrocytes might fulfil a similar role by stimulating cerebral arteriole vasodilatation. In mouse brain-slice experiments in which neurovascular coupling was initiated by electrical field stimulation, Fluo-4 fluorescence confirmed the recruitment of astrocyte endfeet into neurovascular coupling (see Movies S1-S4). We found that the time-scale of the endfoot fluorescence increase almost exactly matched the onset of vessel dilatation, which is in general agreement with other studies that have specifically investigated astrocyte calcium signalling (Takano et al., 2006; Winship et al., 2007; Girouard et al., 2010) . Further comment on astrocyte endfoot calcium dynamics is beyond the scope of the present study, as calcium measurements were intended solely to confirm astrocyte recruitment into the neurovascular coupling process.
The magnitude of parenchymal arteriole dilatation in response to EFS was halved by the presence of TRAM-34. This compound is known to also block an unidentified non-selective cation channel, which markedly reduced lipophosphatidylcholine-induced calcium rises in microglia (Schilling and Eder, 2007) . Under our experimental condi- ]i, 100 nM apamin was without effect (n = 7) whereas 1 mM TRAM-34 (n = 9) evoked a significant current decrease (one-way ANOVA with post hoc Bonferroni's multiple comparison test ***P < 0.0001).
tions, TRAM-34 inhibited a calcium-activated potassium current in astrocytes (Figure 3) , without any indication of inhibition of a non-selective cation channel. Furthermore, the relative increase in endfoot calcium in response to EFS was unaffected by TRAM-34 (data not shown) suggesting that the inhibitory effect of TRAM-34 on neurovascular coupling does not arise from its ability to block non-selective cation channels. Moreover, charybdotoxin, a scorpion toxin which blocks both KCa3.1 and KCa1.1, reduced EFS-evoked neurovascular coupling by more than 80%, which is consistent with a combined block of KCa3.1 and KCa1.1 channels. From these data we conclude that KCa3.1 (as well as KCa1.1; Filosa et al., 2006; Girouard et al., 2010) contributes significantly to the process of neurovascular coupling. In these experiments, it was not possible to demonstrate unequivocally that it was the astrocytic KCa3.1 channel that contributed to neurovascular coupling under slice conditions. Indeed, endothelial KCa3.1 channels exert significant control over parenchymal arteriolar diameter . However, given the immunohistochemical, molecular and electrophysiological evidence already discussed, a prominent role for astrocytic KCa3.1 channels seems to provide a simple and consistent explanation for these experimental observations. Charybdotoxin had a greater inhibitory effect on arteriolar dilatation than TRAM-34. This is not surprising because most neurovascular coupling mechanisms (nitric oxide, prostaglandins, EETs and K + release) rely on either vascular myocyte or astrocyte KCa1.1 channels to bring about vasodilatation (Filosa et al., 2006; Girouard et al., 2010) . If electrical field stimulation recruits several or all of these vasodilator mechanisms, the greater inhibitory effect of charybdotoxin compared with that of TRAM-34 is easy to understand. It is perhaps also possible that differential penetration of charybdotoxin and TRAM-34 into the slice may have resulted in a different efficacy for each drug. However, as charybdotoxin is much larger than the low molecular weight, lipophilic TRAM-34, the greater blocking effect of charybdotoxin is best explained by a combined blocking action of this toxin at both KCa1.1 and KCa3.1, whereas TRAM-34 solely inhibits KCa3.1 under these conditions.
The findings of our in situ slice experiments are further enhanced by data demonstrating that TRAM-34 reduced whisker stimulation-evoked increases in CBF by 40% in vivo. This evidence is in agreement with the hypothesis that IKCa is involved in neurovascular coupling and suggests that KCa3.1 participates in this process under physiological conditions. The mechanism(s) by which KCa3.1 influences neurovascular coupling remains to be elucidated. KCa3.1 may contribute to the increase in extracellular K + , which currently is attributed to KCa1.1 activation and activates K + efflux from myocyte KIR channels (Filosa et al., 2006; Girouard et al., 2010) . However, preliminary data suggested that TRAM-34 still exerts a blocking effect in the presence of barium, a KIR blocker (TA Longden, unpublished observations). Thus, the astrocytic KCa3.1 might instead be linked to a myocyte Na + /K + ATPase, as has been described in the periphery (Dora et al., 2008; Harno et al., 2008; Weston et al., 2010) , or the endothelial KCa3.1 could even be recruited into the neurovascular coupling process . Such an engagement of endothelial KCa3.1 channels in neurovascular coupling would probably require endothelial activation by an unknown factor released from the astrocytic processes. Future investigations will address the mechanism through which KCa3.1 contributes to neurovascular coupling.
In conclusion, this report presents novel immunohistochemical, molecular and electrophysiological evidence, which demonstrate the functional expression of KCa3.1 channels in mouse astrocytes contacting the vasculature. No evidence was found for the functional expression of KCa2.1-2.3 channels in these cells. Our results support a novel role of KCa3.1 channels in neurovascular coupling. Bradford MM (1976) 
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